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Brown Rice and Its Component, 7-Oryzanol, Attenuate 
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Brown rice is known to improve glucose intolerance and prevent 
the onset of diabetes. However, the underlying mechanisms 
remain obscure. In the current study, we investigated the effect 
of brown rice and its major component, 7-oryzanol (Orz), on 
feeding behavior and fuel homeostasis in mice. When mice were 
allowed free access to a brown rice-containing chow diet (CD) 
and a high-fat diet (HFD), they significantly preferred CD to HFD. 
To reduce hypothalamic endoplasmic reticulum (ER) stress on an 
HFD, mice were administered with 4-phenylbutyric acid, a chemi- 
cal chaperone, which caused them to prefer the CD. Notably, oral 
administration of Orz, a mixture of major bioactive components in 
brown rice, also improved glucose intolerance and attenuated hy- 
pothalamic ER stress in mice fed the HFD. In murine primary 
neuronal cells, Orz attenuated the tunicamycin-induced ER stress. 
In luciferase reporter assays in human embryonic kidney 293 cells, 
Orz suppressed the activation of ER stress-responsive cis-acting 
elements and unfolded protein response element, suggesting that 
Orz acts as a chemical chaperone in viable cells. Collectively, the 
current study is the first demonstration that brown rice and Orz 
improve glucose metabolism, reduce hypothalamic ER stress, and, 
consequently, attenuate the preference for dietary fat in mice fed 
an HFD. Diabetes 61:3084-3093, 2012 




The number of people who are obese or have type 
2 diabetes is increasing dramatically worldwide, 
and this is being accompanied by drastic changes 
in dietary habits (1,2). To date, numerous studies 
have provided insights into the pathophysiology of the 
obesity-diabetes syndrome as well as numerous potential 
drug targets (3). However, to date, these works have failed 
to prevent the increase in both obesity and type 2 diabetes, 
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suggesting that modification of lifestyle may be the most 
effective approach (3). 

The endoplasmic reticulum (ER) is the main site of pro- 
tein synthesis, folding, and trafficking within cells. The 
accumulation of newly synthesized "unfolding" proteins 
creates a pathologic condition defined as ER stress, which 
results in the unfolding protein response. The accumulation 
of unfolding proteins is toxic to cells and induces apoptotic 
cell death. It also causes several ER stress-related diseases, 
including neurodegenerative disorders, inflammation, and 
arteriosclerosis (4). Recent studies have given rise to a 
concept that pathophysiologies of obesity and diabetes are 
closely related to exaggerated ER stress in a variety of 
target organs (5-7). 

Studies have shown that brain ER stress is related to 
glucose intolerance, hypertension, and amyotrophic lat- 
eral sclerosis in mice (8-11). Notably in the hypothala- 
mus, exaggerated ER stress and inflammation in obese 
mice is linked to the suppression of leptin receptor sig- 
naling, which is involved in regulating appetite and en- 
ergy expenditure (7,11). Inhibitor of nuclear factor kB 
(NF-kB) kinase subunit-(3 (IKK(3)/NF-kB is known to play a 
crucial role in inflammation. Importantly, Zhang et al. (11) 
reported in 2008 that NF-kB was activated in the hypo- 
thalamus in mice by a high-fat diet (HFD), whereas infusion 
of an ER stress inhibitor, tauroursodeoxycholic acid, into 
the intrathird ventricle rescued the activation of NF-kB in 
the hypothalamus. They also showed that HFD-induced ER 
stress-augmented IKK(3-mediated elevation of the protein 
suppressor of cytokine signaling 3 (SOCS3), leading to in- 
sulin and leptin resistance in the hypothalamus (11). In 
2011, Meng et al. (12) reported that HFD-induced oxidative 
stress and ER stress attenuated hypothalamic autophagy, 
resulting in IKK(3/NF-kB activation. 

Grains, such as rice, wheat, and corn, comprise a con- 
siderable part of the human diet. The outer parts of 
grains contain multiple nutrients, but most of these parts 
are removed during the refining process. Recent studies 
have shown that whole-grain diets improve insulin sen- 
sitivity and prevent the occurrence of diabetes compared 
with refined-grain diets (13,14). In our ongoing studies, 
brown rice (BR) decreased postprandial blood glucose 
and insulin levels compared with white rice (WR) in 
humans (M.S. and C.K. manuscript in preparation). In- 
terestingly, switching the staple food from WR to BR was 
associated with a significant loss of body weight in 
subjects with metabolic syndrome. However, the un- 
derlying molecular mechanisms of these phenomena are 
unclear. 
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One of the major bioactive components in BR is 7-oryzanol 
(Orz), a mixture of ferulic acid esters with phytosterols 
(15). Orz possesses a variety of biologic properties, in- 
cluding cholesterol-lowering (16-19), anti-inflammatory 
(20,21), anticancer (22), antidiabetic (23), and antioxi- 
dant activities (16,24,25). Notably, ferulic acid (a me- 
tabolite of Orz) alone produces an intrinsic lipid-lowering 
effect (17) and prevents ER stress-induced cell death in 
a human neuronal cell line (26). However, the potential ef- 
fects of Orz on glucose metabolism and body weight regu- 
lation remained unclear. 

In the current study, we demonstrated that BR and its 
major component, Orz, improve glucose metabolism in 
mice fed an HFD. Our data provide novel evidence that BR 
and Orz reduce hypothalamic ER stress and attenuate the 
preference for dietary fat in mice. 

RESEARCH DESIGN AND METHODS 

Animals. Male C57BL/6J mice (Oriental BioService, Inc., Kyoto, Japan) were 
housed with a 12-h light-dark cycle at 24° C. Animals were allowed free access 
to food and water. At age 8 weeks, mice were randomly divided into six 
groups 1): control chow diet (CD; 10% of energy as fat), 2) CD plus 30% (w/w) 
BR, 3) CD plus 30% (w/w) WR, 4), control HFD (45% of energy as fat), 5) HFD 
plus BR, and 6) HFD plus WR (Table 1). All diets were manufactured as pellets 
by Research Diets (New Brunswick, NJ). Body weights and food intake were 
measured weekly. All animal experiments were approved by the animal ex- 
periment ethics committee of the University of the Ryukyus. 
Dietary fat preferences. Dietary fat preferences were evaluated in the two- 
food CD versus HFD choice tests. The mice were allowed free access to the CD 
and the HFD. At age 8 weeks, mice were randomly divided into three groups: 
the control (CD vs. HFD), BR-containing diet (CD + BR vs. HFD + BR), and the 
WR-containing diet (CD + WR vs. HFD + WR) groups (Fig. 44). Intake of the 
CDs and HFDs was measured weekly and analyzed for changes in the pref- 
erence for dietary fat. HFD preference was calculated according to the for- 
mula: HFD preference = [(HFD intake/total food intake) X 100]. 
Administration of Orz and 4-phenylbutyric acid. Orz (Wako Pure Chemical 
Industries, Osaka, Japan) was dissolved in 0.5% methyl cellulose solution. Orz 
(20, 80, or 320 |xg/g body weight) was delivered into the stomach by a gavage 
needle every day for 13 weeks. A solution of 4-phenylbutyric acid (4-PBA; 
Wako Pure Chemical Industries) was prepared by titrating equimolar amounts 



of 4-PBA and sodium hydroxide to pH 7.4. A dose of 4-PBA (120 fxg/g body 
weight) was injected intraperitoneal^ daily for 8 weeks. 
Analyses of metabolic parameters. Blood glucose levels were determined 
from whole venous blood taken from mouse tails using a Medisafe Mini automatic 
glucometer (Terumo, Tokyo, Japan) at 9:00 a.m. Blood samples were taken from 
the retro-orbital venous plexuses. Concentrations of plasma insulin and leptin 
were measured using an enzyme-linked immunosorbent assay (ELISA) kit 
(Shibayagi Co., Ltd., Gunma, Japan, and Morinaga Institute of Biological Science, 
Inc., Tokyo, Japan). 

Fecal triglyceride contents. The feces from each group were collected weekly 
for 2 weeks. After drying, total lipids were extracted from the feces according to 
the procedure of Folch et al. (27). Fecal triglyceride concentrations were mea- 
sured using the triglyceride E-test kit (Wako Pure Chemical Industries). 
Glncose tolerance test and insulin tolerance test. The glucose tolerance 
test (GTT) and insulin tolerance test (ITT) were performed after 8 weeks of diet 
feeding. For the GTT, mice received glucose (2.0 g/kg body weight) delivered into 
the stomach by a gavage needle or injected into the intraperitoneal cavity after 
20 h of fasting. Blood glucose levels were measured at the indicated time points. 
For the ITT, mice were injected with insulin (0.5 units/kg body weight; Novo 
Nordisk, Bagsvaerd, Denmark) into the intraperitoneal cavity after 4 h of 
fasting. 

Luciferase reporter assay. The reporter plasmids, pGL4-luc2P Luciferase 
Reporter Vector (Promega, Madison, WI), contain the luciferase gene under ER 
stress-responsive cis-acting elements such as the ER stress response element 
(ERSE-I, CCTTCACCAATCGGCGGCCTCCACGACGG; ERSE-II, GGACGCCGA- 
TTGGGCCACGTTGGGAGAGTGCCT), and unfolded protein response element 
(UPRE; CTCGAGACAGGTGCTGACGTGGCATTC). Reporter plasmid-transfected 
human embryonic kidney (HEK) 293 cells were cotreated with tunicamycin 
(2 fxg/mL) and Orz (10 fxmol/L) or 4-PBA (1 mmol/L). Luciferase activities 
were assessed by an EnVision reader (PerkinElmer, Waltham, MA). 
Primary neuronal culture. Neuronal cells were isolated from cortices of fetal 
C57BL/6J mice and cultured as previously described (28). After 1 week of 
culture, Orz (0.1, 1 fxmol/L) was added into media for 2 h. After the pre- 
treatment period, cells were stimulated with tunicamycin (0.1 fxg/mL) for 5 h, 
washed with PBS, and total RNA was extracted. 

Quantitative real-time PCR. Total RNA was extracted using Trizol reagent 
(Invitrogen, Carlsbad, CA), and cDNA was synthesized using an iScript cDNA 
Synthesis Kit (Bio-Rad, Hercules, CA) according to the manufacturers' instruc- 
tions. Quantitative real-time PCR was performed using StepOneplus Real-Time 
PCR systems, TaqMan Gene Expression Master Mix (Applied Biosystems, Foster 
City, CA), and SYBR Green (Takara Bio, Shiga, Japan), following the manu- 
facturers' instructions. mRNA levels were normalized to those of 18S rRNA. The 
primer and probe sets used for quantitative real-time PCR analysis are shown in 
Supplementary Table 1. 



TABLE 1 

Compositions of CD and HFD 



Component (g) 


CD 


HFD 


CD + BR 


HFD + BR 


CD + WR 


HFD + WR 


Protein 


179 


179 


179 


179 


179 


179 


Carbohydrate 


714 


359.6 


718 


383.6 


714 


359.6 


Fat 


45 


202.5 


45 


202.5 


45 


202.5 




Casein 


200 


200 


168.9 


175.4 


177.1 


181.9 


L-Cystine 


3 


3 










Corn starch 


315 


72.8 


238.5 


0 


0 


0 


Maltodextrin 10 


35 


100 


35 


100 


35 




Sucrose 


350 


172.8 


189.6 


59.1 


412.9 


46.2 










50 


50 




Soybean oil 


25 


25 


13 


25 


25 


25 


Mineral mix S10026 


10 


10 


10 


10 


10 


10 


Dicalcium phosphate 


13 


13 


13 


13 


13 


13 


Calcium carbonate 


5.5 


5.5 


5.5 


5.5 


5.5 


5.5 


Potassium citrate • 1 H 2 0 


16.5 


16.5 


16.5 


16.5 


16.5 


16.5 


Sodium chloride 


0 


0 


0 


0 


0 


0 


Vitamin mix V10001 


10 


10 


10 


10 


10 


10 


Choline bitartrate 


2 


2 


2 


2 


2 


2 


WR* 


0 


0 


0 


0 


330 


261 


BR* 


0 


0 


330 


261 






Total 


1,055.05 


858.1 











^Polyphenol concentration was 0.2 mg/g in WR and 0.5 mg/g in BR ([+]-catechin equivalent). 
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Western blots. Mouse recombinant leptin (1 fig; Wako Pure Chemical 
Industries) was dissolved in 2 |xL PBS. Mice were anesthetized with pento- 
barbital (50 mg/kg body weight i.p.), and administrated leptin intra- 
cerebroventricularly with the use of a Hamilton microsyringe. At 30 min after 
leptin administration, the hypothalamus was sampled and homogenized as 
described (29). Western blots were performed according to the Invitrogen 
NuPage protocol (Invitrogen). The antibodies used were anti-phospho-signal 
transducer and activator of transcription 3 (STAT3; Tyr705) and anti-STAT3 
antibody (Cell Signaling Technology, Inc., Danvers, MA). ECL Plus Western 
Blotting Detection System (GE Healthcare U.K. Ltd., Little Chalfont, U.K.) and 
LAS4000 mini image analyzer (Fuji Film, Tokyo, Japan) were used for detection. 
Statistical analysis. Data are expressed as the mean ± SEM of triplicate 
experiments. Data were analyzed using one-way and repeated-measures 
ANOVA, followed by the multiple comparison test (Ryan's method). For all 
other measurements, the Student t test was used to analyze differences be- 
tween groups. Differences were considered significant at P < 0.05. 



RESULTS 

Body weight, food intake, and fecal triglyceride contents. 

C57BL/6J mice were fed BR or WR for 10 weeks, and their 
body weight and food intake were monitored. Neither BR 
nor WR affected body weight gain in mice fed the CDs or 
HFDs (Fig. IA and B). There was no difference in daily 
food intake between mice fed BR and WR for 10 weeks 
(CD, 27.3 ± 2.3 g/day; CD + WR, 26.1 ± 0.1 g/day; CD + BR, 
28.5 ± 2.5 g/day; HFD, 32.5 ± 0.8 g/day; HFD + WR, 34.5 ± 
1.5 g/day; HFD + BR, 31.7 ± 0.4 g/day). Feces were col- 
lected during 13 to 15 weeks of BR feeding. BR was sig- 
nificantly increased fecal triglyceride extracts on both the 
CDs and HFDs (CD, 0.09 ± 0.05 mg/g feces; CD + WR, 
0.15 ± 0.01 mg/g feces; CD + BR, 0.23 ± 0.05 mg/g feces; 
HFD, 0.17 ± 0.08 mg/g feces; HFD + WR, 0.35 ± 0.06 mg/g 
feces; CD + BR, 0.65 ± 0.16 mg/g feces; Fig. IE and F). 
Glucose homeostasis. In mice fed CDs for 10 weeks, nei- 
ther BR nor WR affected blood glucose levels (CD, 133 ± 4 
mg/dL; CD + WR, 135 ± 3 mg/dL; CD ± BR, 130 ± 3 mg/dL; 
Fig. 1(7). In mice fed the HFDs, however, blood glucose 
levels were significantly lower in the BR group than in the 
control and WR groups (HFD, 156 ± 4 mg/dL; HFD + WR, 
156 ± 4 mg/dL; HFD + BR, 132 ± 3 mg/dL; Fig. ID). Neither 
BR nor WR added to the CDs or HFDs affected plasma in- 
sulin levels (CD, 722 ± 75 pg/mL; CD + WR, 775 ± 78 pg/mL; 
CD + BR, 747 ± 156 pg/mL; HFD, 1,055 ± 102 pg/mL; HFD + 
WR, 1,100 ± 104 pg/mL; HFD + BR, 991 ± 143 pg/mL). 

GTT and ITT were performed to further evaluate the effect 
of BR on glucose metabolism. When glucose was delivered 
into the stomach, blood glucose levels tended to decrease in 
the BR-fed groups compared with the WR-fed groups fed the 
CDs and HFDs (Fig. 2A and B). We observed a significant 
reduction in the area under the curve (AUC) for glucose 
during the GTT in the HFD + BR group (HFD, 28,610 ± 797 
mgdlT^min" 1 ; HFD + WR, 27,400 ± 1172 mg-dL^-min" 1 ; 
HFD + BR, 23,383 ± 538 mgdlT^min 1 ; Fig. 25). When 
insulin was injected into the intraperitoneal cavity, blood 
glucose levels were significantly lower in the mice fed BR 
than the mice fed WR only in the HFD-fed groups (Fig. 2C 
and D). We also observed a significant reduction in the AUC 
for glucose during the ITT in the HFD + BR group (HFD, 
28,610 ± 797 mgdL^min" 1 ; HFD + WR, 12,835 ± 581 
mgdlT^min" 1 ; HFD + BR, 10,116 ± 454 mg dL ^min" 1 ; 
Fig. 2D). 

BR decreased hypothalamic ER stress in HFD-fed mice. 

To investigate the effect of BR on hypothalamic ER stress, 
we analyzed the mRNA levels of ER stress-responsive genes 
such as CCAAT/enhancer-binding protein-homologous pro- 
tein (Chop), endoplasmic reticulum resident DNAJ 4 
(ERdj4), and the spliced form of X-box binding protein 1 
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FIG. 1. Effects of BR on body weight in mice fed CD 04) and HFD CB). 
Effects of BR on blood glncose levels in mice fed CD (C) and HFD (2>) 
in the fed state. Fecal triglyceride (TG) contents of mice fed CD (i?) 
and HFDs (F). Data are expressed as mean ± SEM (n = 10-12). *P < 
0.05, **P < 0.01 compared with control mice; tP < 0.05, ffP < 0.01 
compared with WR-fed mice. 



(Xbpls). In response to ER stress, Xbpl mRNA is spliced 
into its active form by inositol-requiring protein 1 (IRE1) 
(30). The mRNAs of ER stress-responsive genes were 
highly expressed in the hypothalamus compared with the 
liver (Chop, 7.5-fold; ERdj4, 9.3-fold; Xbpls, 1.6-fold; Fig. 
3A). The mRNA levels of ER stress-responsive genes 
were significantly upregulated in the hypothalami of the 
mice fed the HFDs compared with those fed the CDs 
(Chop, 1.5-fold; ERdj4, 2.6-fold; Xbpls, 1.5-fold; Fig. 3B- 
D). BR did not affect the mRNA levels of Chop, ERdj4, or 
Xbpls in the hypothalami of the mice fed the CDs. 
However, BR significantly decreased the mRNA levels of 
Chop, ERdj4, and Xbpls in the hypothalami of the mice 
fed the HFDs (42, 36, and 38% reduction vs. HFD + WR, 
respectively; Fig. 3B-D). 

Previous reports indicated that ER stress contributes, at 
least in part, to the development of leptin resistance 
through inflammatory pathways (7,11). Thus, the mRNA 
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FIG. 2. Effects of BR on glucose homeostasis in mice. Blood glucose levels and AUC during GTT in mice fed CD CA) and HFD (2?) for 10 weeks. 
Blood glucose levels and the AUC during ITT after 10 weeks of BR feeding in mice fed the CD (C) and the HFD (Z>). Data are expressed as 
mean ± SEM (n = 3-6). *P < 0.05, **P < 0.01 compared with control mice; fP < 0.05, f fP < 0.01 compared with WR-fed mice. 



levels of inflammatory cytokines in the hypothalamus were 
investigated. The results showed a similar trend to ER 
stress-responsive genes (Supplementary Fig. 1). The 
plasma leptin levels of the mice fed the HFDs were signif- 
icantly greater than those of the mice fed the CDs (13.8 ± 
1.8 vs. 2.3 ± 0.7 ng/mL; Fig. 3E). BR significantly decreased 
plasma leptin levels in mice the HFD (7.1 ± 2.0 vs. 13.8 ± 
1.8 ng/ mL; Fig. 317). To assess hypothalamic leptin sensi- 
tivity, phosphorylation of STAT3 was measured. The intra- 
cerebroventricular administration of leptin substantially 
increased STAT3 phosphorylation in hypothalami from 
mice fed the CDs (Fig. 3F). The levels of STAT3 phos- 
phorylation were significantly decreased in mice fed the 
HFDs (31 ± 0.1% vs. CD; Fig. 3F), indicating insensitivity to 
leptin. However in mice fed the HFDs, BR significantly in- 
creased leptin-induced STAT3 phosphorylation compared 
with WR (1.9-fold vs. HFD + WR; Fig. 3F), indicating that 
BR ameliorated hypothalamic leptin resistance. 
BR attenuated the preference for dietary fat. To in- 
vestigate the effect of BR on feeding behavior, we mea- 
sured food consumption for 8 weeks when mice were 
allowed to choose freely between the CDs and HFDs. Total 
food intake did not differ among control, WR, and BR 
groups (data not shown). The control group strongly pre- 
ferred the HFD (Fig. 4B). In contrast, in the group fed the 
diet containing BR, the HFD preference was decreased 
significantly (—15.0% reduction vs. control, —11.4% reduc- 
tion vs. WR diet group; Fig. 4B), leading to decreased body 
weight gain (control, 32.94 ± 1.33 g; WR, 31.69 ± 0.92 g; 
BR, 30.28 ± 0.44 g; Fig. 4(7). 



To test whether hypothalamic ER stress causes the at- 
tenuation of the preference for dietary fat due to BR 
feeding, mice were treated with PBS (vehicle) or 4-PBA 
(120 fxg g body weight 1 day 1 ). Food consumption and 
the preference for the HFD were measured. Although total 
food intake did not differ (data not shown), HFD prefer- 
ence was decreased mildly but significantly in the group 
treated with 4-PBA compared with the vehicle-treated 
group (HFD preference, —1.1% reduction vs. vehicle; AUC 
for HFD preference, 2.2-fold decrease vs. vehicle; Fig. 4D). 
Effects of long-term Orz administration on body 
weight and glucose metabolism in HFD-fed mice. 
Oral Orz administration did not affect the body weights 
or plasma insulin levels of the mice fed the HFDs (plasma 
insulin: control, 451 ± 88 pg/mL; Orz 20, 405 ± 61 pg/mL; 
Orz 80, 495 ± 115 pg/mL; Orz 320, 218 ± 27 pg/mL; Fig. 5A 
and D); however, Orz significantly decreased blood glu- 
cose levels of these mice (vehicle, 157 ± 8 mg/mL; Orz 20, 
131 ± 5 mg/mL; Orz 80, 127 ± 4 mg/mL; Orz 320, 128 ± 5 
mg/mL; Fig. 5B). The GTT revealed that the increase in 
blood glucose was significantly blunted in the Orz-treated 
groups compared with the vehicle-treated group (AUC: 
vehicle, 31,673 ± 1,290 mgdL^min 1 ; Orz 20, 26,120 ± 
1,173 mg-dL-^min" 1 ; Orz 80, 26,016 ± 894 mg dL" 1 - 
min" 1 ; Orz 320, 24,815 ± 1,095 mgdL^min" 1 ; Fig. 5(7). 
The blood glucose levels 15, 30, and 60 min after the in- 
jection of glucose decreased significantly in the Orz-treated 
groups compared with the vehicle-treated group (Fig. 5(7). 
Between the Orz-treated and the vehicle-treated group, 
there was no difference in plasma insulin levels during the 
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FIG. 3. Effects of BR on hypothalamic ER stress in mice. A: Comparison of Chop, ERdj4, and Xbpls mRNA levels in the hypothalamus and liver. The 
tissues were dissected from mice fed CD. Mice were fed BR or WR for 10 weeks. Levels of mRNA in the hypothalamus are shown for Chop (2?), 
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GTT (Fig. 5D). The AUCs for glucose during the ITTs of Orz- 
treated groups were significantly smaller than those of the 
vehicle-treated group (vehicle. 9,906 ± 649 mg dL _1 min _1 ; 
Orz 20, 6,524 ± 643 mg-dL" -min" 1 ; Orz 80, 6,596 ± 786 
mg dlT^min -1 ; Orz 320, 8,451 ± 812 mgdL^min 1 ; Fig. 
bE). When mice were injected with insulin, the blood glu- 
cose levels 60 min after the injection decreased markedly in 
Orz-treated groups compared with the vehicle-treated group 
(Fig. 5E). 

Orz suppressed the activation of ER stress-responsive 
cis-acting elements in HEK293 cells. We examined the 
effects of Orz on the activities of the reporter genes carrying 
cis-acting element such as ERSEs and UPRE upstream of 
the luciferase gene. HEK293 cells transfected with reporter 
genes were cotreated with tunicamycin (2 |xg/mL) and Orz 
(1 |jLmol/L) for 15 h (ERSEs) and 24 h (UPRE). Orz signifi- 
cantly suppressed the tunicamycin-induced activation of 
cis-acting elements (ERSE-I, 27%; ERSE-II, 64%; UPRE, 34% 
reduction vs. vehicle; Fig. 6). 

Orz decreased tunicamycin-induced ER stress in 
murine primary neuronal cells. To investigate the ef- 
fect of Orz on ER stress in primary neuronal cells, cells 
were pretreated with Orz (0.1, 1 |xmol/L) for 2 h and then 
stimulated with tunicamycin (0.1 |xg/mL). Pretreatement 
of cells with Orz (1 (xmol/L) significantly suppressed the 
expression of ER stress-responsive genes (Chop, 83%; 
ERdj4, 81%; and Xbpls, 90% of vehicle; Fig. 7A-C). 



Orz decreased hypothalamic ER stress in HFD-fed 
mice. To investigate whether Orz treatment reduces hy- 
pothalamic ER stress, we analyzed the mRNA levels of 
Chop, ERdj4, and Xbpls in the hypothalami of mice fed 
the HFDs and treated with vehicle or Orz at various dos- 
ages (20, 80, or 320 jxg-g body weight" 1 • day ~ l ) for 13 
weeks. Orz decreased Chop, ERdj4, and Xbpls mRNA 
levels in the hypothalamus (-19%, -27%, and -27% re- 
duction vs. vehicle, respectively; Fig. 1D-F). However, the 
mRNA levels of these genes in the liver did not change 
significantly {Chop, 101-115%; ERdj4, 89-118%; andXbpls, 
65-87% of vehicle). 

Orz attenuated the preference for dietary fat. To test 
whether Orz attenuates the preference for dietary fat, 
mice were treated with vehicle or Orz (80 |xg g body 
weight - 1 • day" x ). Food consumption and the preference 
for the HFD were assessed. HFD preference was sig- 
nificantly decreased in the Orz-treated group compared 
with that of the vehicle-treated group (HFD preference, 
— 1.0% reduction vs. vehicle; AUC for HFD preference, 
1.5-fold decrease vs. vehicle; Fig. 7G). 



DISCUSSION 

The major finding of the current study is that BR attenu- 
ates preference for an HFD via the inhibition of hypotha- 
lamic ER stress. Notably, we demonstrated that Orz — one 
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FIG. 4. Impact of BR on dietary preference in mice. A: Dietary fat preferences were evaluated in the two-food CD vs. HFD choice tests. Mice were 
allowed free access to CD and HFD. Mice were randomly divided into three groups: the control (CD vs. HFD), BR-containing diet (CD + BR vs. 
HFD + BR), and the WR-containing diet (CD + WR vs. HFD + WR) groups. HFD preference in mice fed BR CB) and 4-PBA-treated mice (Z>). C: Body 
weight of mice fed BR during two-food CD vs. HFD choice tests (ji = 8-12; 4 mice per cage). Data are expressed as mean ± SEM. *P < 0.05, 
**P < 0.01 compared with control or vehicle mice; < 0.05, f fP < 0.01 compared with WR-fed mice. (A high-quality digital representation of this 
figure is available in the online issue.) 



of the major bioactive components in rice bran — exerts 
a similar effect to BR. Previous studies show that exposure 
to high-fat high-sugar foods alters sensitivity of the central 
reward pathway and amplifies the preference for such 
foods (31,32). The current study is the first to highlight the 
effects of hypothalamic ER stress on feeding behavior. BR 
significantly decreased ER stress-responsive genes in the 
hypothalamus of mice fed the HFD. This notion is confirmed 
by the finding that the reduction of ER stress by a chemical 
chaperone attenuated the preference for the HFD. 

We also found that mice fed BR preferred the CD to the 
HFD and had lighter body weights than mice fed the 
control and WR diets (Fig. 4B and C). Neither BR nor WR 
affected plasma insulin levels; therefore, BR attenuates the 
preference for dietary fat in an insulin-independent man- 
ner. Furthermore, BR decreased the expression of ER 
stress-responsive genes (a proapoptotic gene, Chop, and 
genes related with protein folding such as Xbpls and 
ERdj4) in the mice fed the HFDs (Fig. 3B-D). It is note- 
worthy that the expression levels of ER stress-responsive 
genes were much higher in the hypothalamus than in the 
liver (Fig. 3A), which raises the possibility that ER stress 
plays a crucial role in hypothalamic function. ER stress 
provokes leptin resistance in the hypothalamus, which 
leads to hyperphagia and obesity (7). The notion that 
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hypothalamic ER stress is linked with a preference for di- 
etary fat is supported by results of the administration of the 
chemical chaperone 4-PBA (Fig. AD). Previous reports 
show that 4-PBA exerts chaperone activity within the cen- 
tral nervous system (7,33). Of note, we demonstrated that 
administrating an artificial sweetener, aspartame, to early- 
weaned mice increased hypothalamic ER stress and the 
resultant preference for dietary fat (K.Y. and C. Kozuka, 
manuscript in preparation). Taken together, the results of 
our study raise the possibility that hypothalamic ER stress 
influences the tone of preference for dietary fat. 

Recent reports showed that lateral hypothalamic neu- 
rons expressing orexin and other transmitters provide 
modulatory input to midbrain dopamine neurons, conse- 
quently modulating the brain reward function (34,35). 
Studies have also shown that leptin decreases the brain 
reward function in the ventral tegmental area (36,37). In 
the current study, BR decreased plasma leptin concen- 
trations and ameliorated hypothalamic leptin resistance in 
mice fed the HFDs (Fig. 3E and F). Thus, it is also 
tempting to speculate that BR may attenuate the prefer- 
ence for dietary fat through the brain reward function. The 
underlying mechanisms require further investigation. 

Previous studies have shown that a high intake of BR is 
associated with a lower risk of type 2 diabetes in humans 
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FIG. 5. Effects of long-term administration of Orz on body weight (.4) and blood glucose (2?) were examined in mice fed the HFD ad libitum. Blood 
glucose levels and the AUC for glucose during the GTT (C) and the ITT (i?) and plasma insulin levels (Z>) during the GTT after 10 weeks of Orz 
treatment at doses of 20, 80, and 320 jjig- g body weight -1 • day -1 . Data are expressed as mean ± SEM (n = 3-6). *P < 0.05, **P < 0.01 compared with 
vehicle- treated mice. 



(14,38,39), although the underlying mechanism remains 
unknown. The results of the current study indicate that 
BR significantly decreased blood glucose levels (Fig. ID) 
and improved glucose metabolism (Fig. 2B and D) in the 
mice fed the HFDs. Notably, BR did not affect body 
weight (Fig. IA and E) or plasma insulin levels. Moreover, 
BR decreased the expressions of the ER stress-responsive 
genes in the hypothalamus of the mice fed the HFDs (Fig. 
3B-D). Hypothalamic ER stress is known to induce ER 
stress in the liver and adipose tissue, contributing to 
systemic glucose intolerance (7). Treatment with 4-PBA 
can improve glucose metabolism in type 2 diabetic ob/ob 
mice (40). 

BR decreased intestinal absorption of triglyceride in 
mice fed the CDs and HFDs (Fig. IE and F). Previous 
studies showed that a couple of lipase inhibitors extracted 
from BR inhibited pancreatic lipase activity, leading to 
a decrease in intestinal lipid absorption (41-43). Evidence 
has accrued that lipid accumulation increases ER stress in 
adipose tissue and liver (44). On the basis of these results, 
we speculate that BR improves glucose metabolism 
through central as well as peripheral mechanisms. 

Similar to BR, the results in the current study demon- 
strate that long-term oral administration of Orz improves 
glucose intolerance in mice (Fig. 5), accompanied by a 
significant reduction in hypothalamic ER stress and 
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resultant attenuation in preference for dietary fat (Fig. 7D- 
G). This finding was reinforced by the data that Orz re- 
duced significantly tunicamycin-induced ER stress in 
murine primary neuronal cells (Fig. 1A-C). Together with 
a previous report that orally administrated Orz to rabbit 
was considerably distributed in the brain (45), our finding 
shows a potential of Orz to act directly on the hypothala- 
mus. Importantly, Orz suppressed the tunicamycin-induced 
activation of ER stress responsive cis-acting elements in 
HEK293 cells (Fig. 6), suggesting that Orz act as a chaper- 
one in viable cells. Rice bran contains a large amount of 
Orz, and BR contains about 30-60 mg/100 g Orz (46,47). On 
the basis of these data, the mice fed BR in our experiments 
consumed —10-20 |xg g body weight -1 day -1 Orz. Conse- 
quently, we administered Orz (20, 80, or 320 jxg-g body 
weight -1 day -1 ) within the physiologic range. The results 
of the current study suggest that Orz plays a crucial role in 
metabolically beneficial effects of BR on glucose homeo- 
stasis and food preference. 

It is noteworthy that gastric administration of Orz for 13 
weeks improved glucose intolerance and insulin sensitivity 
without increasing body weight or plasma insulin levels 
(Fig. 5), highlighting the metabolically beneficial impacts 
of Orz without increasing body weight. The metabolic 
impact of Orz on whole-body glucose homeostasis is cur- 
rently under investigation in our laboratory. 
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FIG. 6. Effects of Orz on the activities of ER stress-responsive ex- 
acting elements in HEK293 cells. Reporter genes-transfected HEK293 
cells were cotreated with tunicamycin (2 |ULg/mL) and Orz (1 fjimol/L) or 
4-PBA (1 mmol/L) for 15 h (ERSEs) or 24 h (UPRE). The activities of 
ERSE-I 04), ERSE-II CB), and UPRE (C) were measured. Data are 
expressed as mean ± SEM (ji = 4). *P < 0.05, **P < 0.01 compared with 
vehicle (Veh)-treated cells. 



In summary, the results of the current study show for 
the first time that BR and one of its components, Orz, 
improve HFD-induced glucose dysmetabolism and atten- 
uate the preference for dietary fat by decreasing hypo- 
thalamic ER stress. These findings suggest that BR and its 
extracts may be useful tools for ameliorating obesity and 
metabolic syndrome. 
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FIG. 7. Effects of Orz on hypothalamic ER stress and dietary preference in mice. Murine primary neuronal cells were pretreated with Orz (0.1, 1 
jjumol/L) and then stimulated with tunicamycin (0.1 jjig/mL). The mRNA levels are shown for Chop CA), ERdjty CB), and Xbpls (C). Values were 
normalized to that of 18S rRNA and are expressed as levels relative to that of vehicle (Veh)-pretreated cells (ji = 4-8). Mice were treated with Orz 
at doses of 20, 80 and 320 jjig- g body weight -1 • day -1 for 13 weeks, and mRNA levels were measured in the hypothalamus for Chop (Z>), ERdjty (E ), 
and Xbpls (F). Values were normalized to that of 18S rRNA and are expressed as levels relative to that of vehicle-treated mice (n = 8-11). The 
mRNA levels were determined using real-time PCR. G: HFD preference in Orz-treated mice (80 jjug g body weight -1 day -1 ). Mice were allowed free 
access to CD and HFD (ji = 6; 2 mice per cage). Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01 compared with vehicle-treated cells 
or mice. 
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